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We propose a new scenario to apply IR-pump-XUV-probe schemes to resolving strong field ion-
ization induced and attosecond pulse driven electron-hole dynamics and coherence in real time. The
coherent driving of both pulses correlates the dynamics of the core-hole and the valence-hole by
coupling multiple continua, which leads to the otherwise forbidden absorption and emission of high
harmonics. An analytical model is developed based on the strong-field approximation by taking into
account of the essential multielectron configurations. The emission spectra from the core-valence
transition and the core-hole recombination are found modulating strongly as functions of the time
delay between the two pulses, suggesting the coherent electron wave packets in multiple continua
can be utilized to temporally resolve the core-valence transition in attoseconds.
PACS numbers: 32.80.Rm, 42.50.Hz, 42.65.Ky
Recent advances in attosecond spectroscopy has en-
abled resolving electron-hole dynamics in real time [1–7].
The correlated electron-hole dynamics and the resulted
coherence are directly related to how fast the ionization is
completed [1, 2, 8]. Combining the ever-shorter attosec-
ond pulses with intense infrared lasers, it is possible to
probe and control both core and valence electrons coher-
ently on the equal footing. However, it is sitll challenging
to answer these key questions in attosecond physics or
even attosecond chemistry [9, 10] such as how the coher-
ence evolves and transfers among electron-hole pairs or
multiple channels.
Coherent X-ray pulses with duration of femtosecond
or attoseconds have been generated from free-electron
lasers [11, 12] or high-harmonic generation (HHG) [13–
15]. They are capable of creating inner holes followed
with exotic correlated electron dynamics such as cas-
cading Auger processes [3–5, 16] and ionization induced
absorption saturation [17, 18]. On the other hand, in-
tense infrared (IR) lasers ignite ionization from the va-
lence shell. The released electron and the created hole are
still driven by the external fields. When the field reverse
its direction, the electron recombines into the original
hole leading to HHG. However, due to the multielectron
nature, many-body effects, e.g., dynamical polarization
[19–21] will modify the dynamics of both the electron and
the hole. Particularly, previous work has demonstrated
that multielectron information is encoded in HHG when
the inner shell electrons are excited by the IR lasers and
participating in the ultrafast dynamics [22–27], but the
effect on HHG from coherent driving of core-valence tran-
sition by attosecond pulses remains unexplored.
In this Letter, we consider a unique scenario involved
atoms with closed shells subjected to an intense IR laser
pulse and a time-delayed attosecond pulse (AP) which
has a central frequency in resonant with the transition
FIG. 1. Illustration of the interaction of the atom with the
laser and XUV fields and the related high-harmonic gener-
ation processes: Ionization from the filled valence shell by
the laser field creates the nonstationary state Ψ∗1 with its as-
sociated continuum φv. Concurrently, it opens the subshell
allowing the followed resonant transition pumped by the XUV
pulse, which creates a hole in the core and transfers the con-
tinuum into φh, i.e., to the nonstationary state Ψ
∗
2. Recom-
bination into the valence shell (path (v)) and the core hole
(path (h)) could emit high-order harmonics. The resonant
transition from the two nonstationary states (path (x)) also
generate coherent harmonics.
between the inner and valence shells. In the absence of
the IR pulse, the direct transition from the inner shell to
the valence shell is forbidden due to the Pauli exclusion
principle. However, once the IR field induces ionization
from the valence shell, the transition is triggered leaving a
hole in the inner shell affecting the subsequent rearrange-
ment dynamics. As shown in Fig. 1, strong field ioniza-
tion from the filled valence shell by IR field creates the
associated continuum. Concurrently, it opens the sub-
shell allowing the followed resonant transition pumped
by the AP, which creates a hole in the core and transfers
2the continuum into its own. The attosecond light ab-
sorption and the resulted emission are thus gated by the
ionization, in close analogy to the ionization induced ab-
sorption saturation where the transition energy is shifted
by ionization [18]. Meanwhile, the opened AP absorp-
tion creates coherence between the valence-hole and the
core-hole. The transfer of coherence from ionization into
both holes leads to multiple paths of HHG: harmonics
can be radiated through recombination into the valence
shell (path (v)) and the core hole (path (h)) respectively,
or it can be generated upon the resonant core-valence
transition accompanied by the transfer of the continua
(path (x)). The coherent electron wave packet in multi-
ple continua thus provides the opportunity to temporally
resolve the multi-electron-hole dynamics in attoseconds.
The essential multielectron configurations involved are
the neutral ground state Ψg, the non-stationary states Ψ
∗
1
which constitute of the ionic ground state Φ′1 with the n-
th electron in the continuum ψv(rn, t), and Ψ
∗
2 with the
ionic core in excited state Φ′2 and the released electron
in the continuum ψh(rn, t). Taking Ne atom as an ex-
ample, we have Φ′1 = Φ1s22s22p5 and Φ
′
2 = Φ1s22s12p6
which can be formed by ionization from the valence shell
or inner shell respectively, while the latter resembles the
situation that a hole is created in the inner shell. The to-
tal time-dependent wave function of the n-electron atom
subjected to external laser fields can thus be approxi-
mated as
Ψ(t) = ag(t)Ψge
−iEgt + Aˆ [Φ′1ψv(t)] e−iE
′
1
t
+ Aˆ [Φ′2ψh(t)] e−iE
′
2
t, (1)
where Aˆ is the antisymmetrizing operator on the elec-
tron coordinates. Eg, E
′
1 and E
′
2 are the binding ener-
gies of the neutral ground state, the ionic ground and
excited states respectively. Assuming that the three con-
figurations are orthogonal, the probability of finding the
ion in the ground or excited states are given by the nor-
malization of the continuum electrons, denoted by ||ψv||2
and ||ψh||2 respectively. The probability amplitude of the
atom remaining in the neutral ground state is denoted by
ag and |ag|2 + ||ψv||2 + ||ψh||2 = 1.
From the time-dependent Schro¨dinger equation in a
linearly polarized electromagnetic field E(t), we obtain
the coupled-channel equations for the n-th electron,
iψ˙v = H˜vψv + ag(t)〈Φ′1|r · E(t)|Ψg〉′eiI1t
+〈Φ′1|
n−1∑
i=1
ri ·E(t)|Φ′2〉′ψhe−i∆It, (2)
iψ˙h = H˜hψh + ag(t)〈Φ′2|r · E(t)|Ψg〉′eiI2t
+〈Φ′2|
n−1∑
i=1
ri · E(t)|Φ′1〉′ψvei∆It, (3)
where 〈|...|〉′ denotes the integration over the (n − 1)-
electron coordinates, I1,2 = E
′
1,2 − Eg and ∆I = I2 −
I1. H˜v,h are the effective hamiltonians for the excited
electron in the laser field with the core left in the two
ionic states respectively. For simplicity, we have replaced
rn by r. The second terms in Eq. (2) and (3) originate
from the transition from the neutral ground state to the
two ionic states by prompting the n-th electron into their
respective continuum, while the third terms represent the
couplings between the two ionic channels induced by the
external fields.
The central frequency of the XUV pulse is chosen to
be exactly matching the transition energy ∆I from the
inner shell to the valence shell. The total electric field
is given by E(t) = EL(t) + EX(t), where the IR laser
EL(t) has a frequency far less than ∆I and therefore its
contribution to the core-valence transition is negligible
in the absence of multiphoton resonant excitation. For
ionization from the valence shell (Eq. (2)), we include
only direct ionization from the neutral ground state by
the IR field, while neglecting the coupling from the core
excitation induced by the AP.
Denoting the respective Green’s functions of H˜v and
H˜h as G˜v and G˜h, we obtain
ψv(t) =
∫ t
dt′G˜v(t, t
′)ag(t
′)EL(t
′)eiI1t
′
ϕ′, (4)
ψh(t) =
∫ t
dt′G˜h(t, t
′)d∗12EX(t
′)ei∆It
′
ψv(t
′). (5)
The core-valence transition dipole moment between the
two ionic states Φ′1 and Φ
′
2 is given by d12 = (n −
1)〈Φ′1|
∑n−1
i=1 ri|Φ′2〉′ and ϕ′ = 〈Φ′1|r|Ψg〉′ is the valence-
associated Dyson orbital weighted by the dipole operator.
In reality, there should be difference between the Green’s
functions G˜v and G˜h because of the core-electron rear-
rangement. For example, the potential felt by the con-
tinuum electron varies when the core making transition
from the valence shell to the inner shell. The difference
is ignored in the present model since the atomic poten-
tial on the continuum electron is ignored comparing to
the laser field as in the strong field approximation [28].
Therefore the Green’s function can be written in term of
Volkov states
G˜h,v(t, t
′) = −i
∫
dpe−iS(p,t,t
′)|p+A(t)〉〈p+A(t′)|, (6)
with the semiclassical action S(p, t, t′) =
∫ t
t′
(p+A(τ))2
2 dτ
and the vector potential of the field A(t) = − ∫ tE(t)dt.
The time-dependent dipole moment can be divided
into three parts
dv(t) = a
∗
g(t)e
−iI1t
(〈ψD1 |r|ψv〉 + 〈ϕ1|ψv〉) + c.c, (7)
dh(t) = a
∗
g(t)e
−iI2t
(〈ψD2 |r|ψh〉 + 〈ϕ2|ψh〉) + c.c, (8)
dx(t) = e
−i∆It (d12〈ψv|ψh〉 + dvh + dex) + c.c. (9)
Here dv(t) and dh(t) are related to the paths (v) and (h)
of HHG illustrated in Fig. 1 respectively. They both con-
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FIG. 2. Harmonic spectra calculated from dv (black), dx
(red), dh (green) and the total dipole moment d(t) (blue),
at the time delay of 0 between the two pulses, at different
XUV pulse durations of 150 as, 500 as and 1 fs from (a) to (c).
The electric field and the envelop of the APs are shown in the
insets. The laser intensity is 4×1014 W/cm2 and the XUV
pulse intensity is 1×1013 W/cm2 for all cases.
sist of an effective one-electron transition with the ioniza-
tion channel-specific Dyson orbital ψD1,2 =
√
n〈Φ′1,2|Ψg〉′,
and an exchange correction term as introduced in [22]
with ϕ1,2 =
√
n〈Φ′1,2|
∑n−1
i=1 ri|Ψg〉′, which arises from
indistinguishable of electrons. The path (x) of HHG is
determined by the dipole moment dx(t) from the transi-
tion between the two non-stationary states.
To mimic Ne atom, we choose the ionization potential
of the valence shell as I1 = 21.56 eV and the transition
energy of ∆I = 26.89eV corresponding to 2s to 2p of Ne
atom. In Fig. 2, the emission spectra calculated from the
three individual processes are presented, as well as the
total spectra, at the time delay of 0. The IR field has a
Gaussian envelop with one-cycle duration and a central
wavelength of 800 nm. The spectra directly calculated
from dv, the recombination into the valence shell, are
the same as that obtained without XUV pulse which has
been assumed to induce core-valence transition only.
In Fig. 2, it can be seen that the cutoff of the total
spectra (blue lines) is extended comparing to that emit-
ted through path (v) (black lines). Once the hole in the
inner shell is created, the electron can directly recombine
into the hole through path (h) (green lines) and harmon-
ics are emitted with the cut-off energy extended by ∆I,
which has also been observed in HHG from multiple or-
bitals in molecules with ionization from one orbital and
recombination to a lower-lying orbital, either coherent
driven by strong IR field [29] or magnetic field [30].
For harmonics generated from path (x) (red lines), a
pronounced peak appears at the core-valence transition
energy. The total emission of harmonics (blue lines)
around the resonance peak is enhanced by orders and
therefore dominated by the path (x). As the XUV pulse
duration becomes shorter, the continuum background
of the spectra become broader, however, the profile of
the peak remains the same. In the simulation, we in-
clude only the first term in Eq. 9 that originates from
the bound-bound transition among the two ionic states
while the continuum makes jumping. The second term
dvh = 〈Φ′1|Φ′2〉′〈ψv|r|ψh〉 arises from the continuum-
continuum transition among ψv(t) and ψh(t) weighted by
the overlap of two ionic states. Because it usually gives
rise to low frequency emission, we neglect it here. The
third term dex = 2
∑n−1
i=1 〈PˆinΦ′1ψv|r|Φ′2ψh〉 describes a
two-step process as in Ref. [24], where the electron re-
leased from the valence orbital, promotes the inner-shell
electron to the vacancy it created upon recollision, and
recombines into the newly formed hole to emit harmon-
ics. Comparing to the XUV resonant excitation in this
study, the probability of collision-induced rearrangement
is much smaller and therefore this term is neglected as
well.
Note that the spectrum is not simply reflecting the
line-shape of the core-valence transition, as seen by the
higher energy photon of emission. The path (x) is in fact
from the coherent transition between two non-stationary
states Ψ∗1 and Ψ
∗
2, similar to autoionization states with
one electron embed in the continuum interacting loosely
with the ionic core. Because the driving of the external
laser fields, the total energy of the non-stationary state is
varying with time and spreading over a broad range due
to the correlation between the continuum electron and
the ion. Their energy difference gives rise to the emis-
sion of higher energy photon whose yields are determined
by both the transition dipole of the ionic states and the
temporal correlation between the two associated continua.
When the contributions from all the three paths are com-
parable, their interference produces a generalized Fano
profile (see the total emission around 70eV), similarly to
the laser-assisted autoionization [31–33] where the au-
toionization profile is evolving by the laser fields.
By varying the time delay between the IR and the XUV
pulses, the emission spectra from dx changes as shown
in Fig. 3 for the XUV pulse duration of 150 as and 1
fs. The spectra intensity is related to the vacancy in
the valence shell induced by tunnelling ionization. The
sensitivity of ionization to the instantaneous field, lead-
ing to the strongly modulated delay-dependent emission
spectra in Fig. 3. Especially when the AP comes before
the maximum of the IR field (negative delay), the ion-
ization probability is small and the emission is very weak
as the emission from core-valence transition is prohibited
without ionization of the valence shell.
In order to quantify the varying of emission with re-
spect to the time delay, we integrate the total harmonic
yields around the resonance peak over [25.89,27.89] eV
shown in Fig. 4 (a) for a couple of different AP dura-
tions. The yields reaches a local maximum whenever the
laser field strength passes a local maximum. This is re-
lated to the fact that the ionization rate peaks at those
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FIG. 3. Variation of the emission spectra induced by core-
valence transition at different time delay between the IR pulse
and APs with duration of (a) 150 as and (b) 1fs.
instants and leaves more vacancy in the valence shell.
Interestingly, the yields exhibit modulation with time
delay, which is against the expectation that the ionization
probability is increasing monochromatically when inco-
herent integrating the ionization rate over time (dashed
lines in Fig. 4 (a)). On the other hand, the ionization
probability obtained from ||ψv||2 at each instant is ex-
hibiting modulation (solid lines in Fig. 4 (a)), because
the coherent electron wavepackets generated at different
instants interference with each other, leading to the mod-
ulation of the population of vacancy. For comparison, we
have normalized the ionization probability at the end of
the pulse obtained from the two approaches. The co-
herence of electron wavepacket within ionization is thus
imprinted on the sum yields since which are related to
the temporal correlation of the electron wavepacket as
stated above. The longer the AP is, the more averaged
vacancy is probed and the time-delayed sum yields are
less contrasted. As shown in Fig. 4 (a), the emission yield
turns into almost a smooth line for AP duration of 1 fs.
More than probing the coherence of the valence-hole,
the AP probes the coherence of the core-hole as well.
During the propagation, the electron jumps between the
two ionic state-associated continua because of the driving
of the AP. An additional phase shift will be induced from
this channel-coupling. Although it is neglected so far by
assuming G˜h ≈ G˜v in Eq. 6, we expect that it will be
evident in the sum yields since which measures the time
correlation between the two continuum wave packets.
The coherence information of the core-hole is also en-
coded in harmonic spectra near the extended cut-off re-
gion contributed by the HHG path (h). Because of the
applied few-cycle laser pulse, the cut-off harmonics are
mainly contributed by the electron born half cycle be-
fore the envelop peak and recombines into the core-hole
around 0.2 optical cycle past the peak (see the inset of
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FIG. 4. (a)Harmonic emission yields integrated from 25.89 eV
to 27.89 eV with AP durations of 150 as (circle), 500 as
(square) and 1 fs (upward triangle). Dashed and dash-dot
lines represent the ionization probability obtained from inco-
herent integration of the ionization rate at each instantaneous
field and from ||ψv ||
2 respectively. (b) Integrated emission
yields over the cutoff region from 120 eV to 130 eV versus the
time delay with AP duration of 150 as. The arrow in the in-
set points out ionization and emission istants of the cut-off
harmonic.
Fig. 4 (b)), on the condition that the core-hole has been
formed within this time interval. The sum yields within
[120eV, 130eV] interval are found exhibiting a platform
when the AP is applied within this interval. The plateau
starts with a burst at -0.5 cycle which is caused by the
higher rate of coherently creating the core-hole in the
combination of the IR field and the AP. While the width
of the burst reflects the temporal behavior of the core-
valence transition driven by both pulses, the width of the
plateau is determined by the duration of recombination
if the spontaneous decay or other relaxation processes of
the core hole are much longer.
In conclusion, we propose an IR-pump-XUV-probe
scheme to investigate the interplay of the valence-hole
and the core-hole created from atoms with filled valence
shells. Using the laser-induced ionization as a gate for
XUV excitation of core electrons, it provides us the op-
portunity to probe both the core and valence electron dy-
namics by manifesting themselves as a pronounced res-
onant peak in harmonic spectra and an extended cut-
off harmonic emission. The coherent interplay of multi-
ple paths of HHG is found evident in the profile of the
harmonic spectra. By analyzing the modulation of the
spectra with the time-delay between the IR field and the
AP, we show that the coherence of the ionization process
and the driven core-hole and valence-hole coherence con-
tribute to HHG which can be utilized to obtain the multi-
electron-hole or multichannel coherent information.
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